Abstract. An analysis of 34 lunar lava flows and ponds in the eastern limb Smythii and Marginis basins was undertaken to examine and model the first stages of secondary crustal formation and assess processes involved in magma transport and eruption. In order to isolate the characteristics of single eruptive episodes, we focused on discrete mare ponds adjacent to the major mafia. Mean values for areas and volumes of deposits estimated to be good candidates for single 
Introduction
Lunar volcanic deposits (maria)represent only a small fraction (17%) of the surface area of the Moon [Head, 1976] . In terms of lunar evolution, however, these mare deposits are a crucial link between our understanding of the initial stages of primary crustal formation from the lunar magma ocean, and subsequent thermal evolution that produced a partial secondary crust [Taylor, 1989] . The characteristics of these mare deposits, their size and thickness, age and composition, morphology and setting, associated features and distribution across the lunar surface, provide important information for deciphering the processes responsible for their generation and formation. For example, the distribution of deposits across the Moon is highly heterogeneous. As seen in Figure 1 , the nearside of the Moon has a significantly higher density of mare deposits than the farside. The reason for this dichotomy is unclear but must depend in part on the underlying mechanisms driving magma through the crust to the surface. It has been suggested, for instance, that crustal thickness plays an important role in the efficacy of magma transport [e.g., variations in soil mineralogy. For this reason, we have chosen not to include the Clementine multispectral dataset in this work.
Pond thicknesses were calculated using a variety of methods described in previous studies [Yingst and Head, 1997a thicknesses based on Clementine altimetry models were noted [Zuber et al., 1994; Neumann et al., 1996] . Results from these analyses are presented in Tables 1 and 2. 3. Results and Interpretation
Setting
The Smythii and Marginis basins, shown in Figures 1 and  2 , lie on the eastern limb of the Moon. While they are both dated as pre-Nectarian, Smythii has a more well-defined ring structure, one that appears to overlap Marginis basin. It is thus considered younger [Wilhelms, 1987] . Marginis basin is approximately 580 km diameter [Wilhelms, 1987] , although exact measurements are difficult because only partial segments of the ring structure remain. We assume for the purposes of this study that Marginis basin is circular, extrapolating from the semicircular ring structure noted by Wilhelms and El-Baz [1977] . This suggests a basin area of-2.6 x 105 km:. Smythii, by comparison, is larger (840 km diameter and 5.54 x 105 km: in area) and better preserved. It displays an extensive central mare deposit (Mare Smythii) and a subcircular central furrowed and pitted plains-type deposit (noted INfp) upon which many floor-fractured craters lie [Schultz, 1976] . Most mare ponds within central Smythii basin lie within these craters.
Areas and Volumes
Thirty-nine volcanic deposits (shown in Figure 2 ) were mapped in the Smythii and Marginis basins; their characteristics are described in Tables 1 and 2 . Two deposits (Mare Smythii and Mare Marginis) have areal extents and estimated volumes at least 10 times greater than any other pond in the region. These regions display a complex morphology and have evidence of multiple flows [Wilhelms and El-Baz, 1977] , some of which are suggested to be younger than Apollo 12 basalts (3.20 Ga [Spudis and Hood, 1992] ). These two deposits are more similar to the major mafia than small, discrete lava ponds. For the purposes of creating a statistical picture of individual eruptive phases, we thus focus on analysis of the small individual deposits. We then compare the results to characteristics of the larger Mafia Smythii and
Marginis.
Of the remaining 37 deposits in both basins, five show evidence that they represent multiple eruptive episodes (Tables 1 and 2) Ponds in the Marginis region tend to be concentrated in the southern half of the basin, the only exceptions being the large crater floor ponds Joliot and Hubble (ponds 1 and 2). Pond density for Marginis basin is 1 pond per 20,000 km •, while for the south portion of the basin it is 1 per 12,000 km •. For Smythii, deposits that occur within the central region are relatively evenly spaced in the confines of the central ring, while those ponds occurring outside this region are concentrated in the northwest portion of the basin. Thus, while the pond density for the basin as a whole is only one deposit per 171,000 km •, the deposit density within the central basin ring (area -120,000 km •) is one per 6,600 km 2.
In general terms, the mean pond density for the entire Smythii/Marginis region is about one pond per 121,000 but the concentration of mare deposits appears to be related to the state of preservation of the basin. In the better preserved Smythii basin, deposits are highly concentrated in the center of the basin, while in Marginis basin the distribution of deposits is much more diffuse. Deposits in Marginis are not contained by the highly degraded topography of the central depression or basin rings.
Volumes of ponds and individual flows were estimated using the various methods described in Gaddis [ 1981] and Yingst and Head [1997a] . Specifically, in those cases where such craters are available, pond thicknesses were estimated by calculating the depth of relatively young, optically mature post-mare craters based on crater diameters [Pike, 1977 [Pike, • 1980 . The depth of excavation was then determined from this value [StOffler et al., 1975] and the pond thickness was estimated, where dark ejecta indicates a minimum depth and bright, presumably highland ejecta indicates a maximum depth for the mare deposit. Crater depth/diameter relationships derived by Pike [1977] were also used to estimate the geometry and depth of fill for flooded or partially embayed craters, where such existed, so that the thickness of the embaying unit could be determined. For ponds lying on relatively fresh crater floors, the measured diameter of the floor was compared to the calculated floor diameter of the original crater based on depth/diameter measurements [Pike, 1977] 
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YINGST AND HEAD: SMYTHII AND MARGINIS BASIN LUNAR MARE DEPOSITS summarized in Table 3 . As has been previously stated, we interpret the 33 flows and ponds noted as individual phases in Tables 1 and 2 We previously noted two general models for the formation of floor-fractured craters: (1) igneous intrusion and (2) viscous relaxation. Both models depend strongly on the history of thermal activity for a given region. The igneous intrusion model [Schultz, 1976; Brennan, 1975] involves the shallow (a few hundreds to a few thousands of meters from the surface) injection of a laccolith or sill beneath a crater, which drives crater modification through floor uplift [Wichman, [Head and Wilson, 1992] . In addition, for formation of the associated pond to occur, a mechanism other than hydrostatic rise must then be employed which overcomes both the density barrier presented by the lunar crust, and the decrease in driving pressure resulting from laccolith emplacement. Finally, it must be noted that a model of laccolithic intrusion necessarily requires a large number of dikes in the lunar crust. Since this model assumes the magma column supporting these laccoliths extends into the mantle, the propagation of conduits into the overlying crust is probably not affected by the formation of a crater on the surface, at least 20 km above. Thus, for every dike that actually emplaces a laccolith in proximity to a crater to produce floor uplift, there must be several that either do not reach nearsurface levels, or are not emplaced under a crater. Unless the density of dikes in the crust (a number which is currently very poorly constrained) is very high, the sheer number of floorfractured craters in this region seems to favor a regional, rather than a local origin.
In contrast to this model, the relaxation model employs local crustal heating during mare emplacement to lower local viscosity. This allows viscous relaxation to occur at a faster rate than in other regions [Danes, 1965; Baldwin, 1968; Hall et al., 1981] . This model has the benefit of not requiring shallow emplacement of high-density material into a lowdensity (brecciated) crust, making it more consistent with morphological and geophysical constraints. In addition, the proximity of floor-fractured craters to Mare Smythii suggests that the volcanism associated with Mare Smythii could have been the source of heat required to produce lower crustal viscosity in the surrounding area. The concentration of volcanic deposits in the Smythii basin center suggests that the heat flux might have been strongest here, so that viscous relaxation might have been more prominent. However, this does not explain why Mare Orientale has a larger volume than Mare Smythii [Head, 1982] [Head and Wilson, 1992] . Such reasoning also removes the obstacle of finding a mechanism to decipher why ponds are associated with floor-fractured craters. Instead, this model decouples the mechanism responsible for the formation of floor-fractured craters (local relaxation due to heating from below) with that for the emplacement of mare deposits (overpressurized reservoirs generated by the same heating). We therefore postulate that uplift of the lunar mantle provided sufficient heat to viscously relax the crust in a local sense, forming floor-fractured craters, and yielded an accessible source of magma for lava pond emplacement. While average nearest-neighbor distance values are an important factor in determining reservoir geometry, nearestneighbor distances for individual ponds may yield information regarding pond clustering associated with the parent source regions. For example, if we accept the above estimates for reservoir diameters as reasonable, the fact that many ponds are separated from one another by distances of less than 100 km (such as the Doyle-CamOens Haldane region; Figures 2a, 7) suggests that such clusters may represent a population of ponds derived from one reservoir. In other cases, ponds are separated by much larger distances. For example, the pond northwest of Erro crater (pond 2 in Figure 2a) is separated from the next nearest pond by -150 km. Individual ponds such as these are candidates for separate reservoirs. In order to assess the relevance of nearest-neighbor distances in understanding the sequence of emplacement for these deposits, spectral and age characterizations, as well as constraints on the extent of possible cryptomaria, are required as a next step.
The general distribution of ponds in Smythii and Marginis basins appears to be related to basin degradation state. In Smythii, ponds are concentrated within the central portion of the basin, while in Marginis pond distribution is more diffuse. This correlation suggests a connection between pond occurrence and basin age. One plausible explanation is that differences in the thermal regime of each basin influenced the concentration of magma reservoirs. Thus, because Smythii is younger (and thus uncompensated [Neumann et al., 1996] ), heat was focused where mantle uplift occurred, namely, in the central basin. This is where the greatest number of reservoirs formed, or alternatively, where diapirs were able to penetrate to a shallower depth. Conversely, Marginis, an older compensated basin [Neumann et al., 1996] , would have had no such concentration of a heat source in the basin center, so that reservoir distribution, and thus associated pond concentration, would be more diffuse. It is also possible that the observed pond distribution is due to mantle heterogeneities that relate to mechanisms not currently well constrained.
4.5.
Crustal Thickness [Yingst and Head, 1994 , 1996 , 1997a ].
• 
Local-Scale Variations
Thus far, we have presented observations of the characteristics of discrete mare ponds on the Moon's eastern limb and the general trends which these observations follow with respect to other similar localized deposits on the lunar western limb and farside. While the deposits within the Smythii/Marginis study area are consistent with the trends noted, there is one local-scale variation of mare pond characteristics for which there is currently insufficient data to make any firm conclusions, but is noted here in the context of future studies. This variation relates to a difference between the mode of occurrence of ponds in the Smythii basin and • Marginis basin.
In Smythii basin, more than 86% of the mare deposits studied occur in relatively young (Imbrian-aged) craters, while in Marginis, less than 50% lie within craters. Thus the difference in frequency of occurrence may be due to the fact that fewer Imbrian craters exist within Marginis than within Smythii, implying a connection between the age of the associated crater and the emplacement mechanism. Head and Wilson [1992] suggest that local thinning of the crust in the vicinity of impact craters creates a favorable environment for mare emplacement. Formation of a crater thins the local crustal regime, but does not affect the overall pressure conditions at subcrustal depths. All things being equal, a dike propagating beneath a crater would thus have a greater chance of intersecting the surface because the local crust was thinner. This implies that young craters (Imbrian-aged), which would be relatively fresh during the period of local volcanism, would be somewhat more likely candidates for mare emplacement than older craters (pre-Nectarian or Nectarian) which would be more degraded and thus more shallow at the time of active mare volcanism. The greater frequency of Imbrian-aged craters in Smythii basin could thus provide more favorable regions for mare extrusion.
As indicated previously, it is also possible that there are differences in the thermal history of the region that favor eraplacement of mare within craters formed around the time of mare extrusion. Superposition relationships suggest that Smythii basin is younger than basins such as Fecunditatis, Australe, and Tranquillitatis [Wilhelms, 1987] . These older basins display a compensation signature which is lacking in the younger Smythii basin [Neumann et al., 1996] 3. Deposits tend to occur preferentially within areas of locally thinned crust (craters). In terms of pond density, concentration of mare deposits appears to be related to the state of preservation of the basin, such that deposits are highly concentrated in the center of the better preserved Smythii basin, while in Marginis basin the distribution of deposits is more diffuse.
4. No definitive morphological evidence, such as large shield volcanoes or collapse calderas, was found for shallow crustal magma reservoirs in association with these ponds.
Features associated with isolated lava ponds (such as linear rilles) are consistent with emplacement and extrusion onto the surface through dikes from deep, perhaps subcrustal reservoirs. In terms of floor-fractured craters, some models suggest that the existence of such craters indicates shallow laccolithic intrusion. However, such a model also requires that both the laccolith and the pond stem from the same deep-seated reservoir.
5.
The presence of such indicators as geochemical/multispectral anomalies and abundant dark-halo impact craters in the Smythii/Marginis region suggests the presence of previously deposited cryptomare material. Based upon the distribution of these indicators, such cryptomaria, if it exists, may be a significant volumetric component of the total mare material in the area (e.g., potentially twice the volume of presently exposed mare deposits).
6. Peak volcanism in this region as represented by exposed mare deposits appears to have occurred at around 3.80-3.60 Ga. Because of the possible existence of cryptomare material, as indicated by dark-halo craters, this should be considered as the latest period at which the onset and peak of volcanic activity could have occurred. In a preliminary analysis, Spudis and Hood [1992] have reported evidence for the presence of young mare deposits in Mare Smythii, possibly younger than Apollo 12 mare material (-3.20 Ga), although the location of their crater counts within Smythii were not specified. Further crater size frequency distribution data for Smythii may reveal evidence for young deposits.
We have compared the characteristics of discrete mare deposits on the eastern limb with those of similar deposits on the western limb and farside in order to put Smythii and Marginis ponds into a global context. On the basis of the observations made, we infer the following.
1. Volumes of eruptive events on the Moon are very large compared to most terrestrial eruptions, and seem to have their best terrestrial analog, geomorphologically and volumetrically, in flood basalts rather than small volume eruptions derived from shallow reservoirs.
2. Nearest-neighbor distances average about 60-100 km, suggesting a constraint for the diameter of source regions to within or below this range. Typical lava pond volumes and nearest-neighbor distances for ponds on the limbs and farside of the Moon suggest that magma is derived from subcrustal reservoirs <-100 km in diameter. Thus many ponds, especially those lying in the furthest rings of their respective basins, are likely to be solitary representatives of their source regions. By the same reasoning, other ponds that lie more tightly spaced, notably those within the central portions of the basin regions, may be members of a pond cluster which originates from a single source region.
3. For each individual basin, the volume and frequency of eruptions is related to the amount of crust through which the magma must pass. Those areas with thinner crust have a greater volume and number of mare occurrences on average relative to regions of thicker crust. Although the number of eruptive events cannot currently be determined in the large contiguous maria for the Moon as a whole, regions of thinner crust correspond to areas of higher total mare volume.
